The aim of this study was to review the role of selected trace elements in pregnancy and fetal development. Citations related to the role of iron (Fe), zinc (Zn), manganese (Mn), copper (Cu) and selenium (Se) during pregnancy were searched in PubMed, Medline, Web of Science, using keywords and MeSH terms. Inadequate supply of trace elements can cause abnormalities of fetal development and predispose a child to disorders later on in life. Trace elements are the key elements of complex enzymes responsible for the modulation of the antioxidant defense system of the organism. It has been suggested that there is a correlation between reduced levels of trace elements essential for antioxidant function in the body of pregnant women, and an increased risk of developing preeclampsia. Trace elements are components of numerous regulatory enzymes and hormones essential to the division and differentiation of fetal cells and their further development. Mineral deficiencies in pregnant women can cause birth defects of the central nervous system, and growth disorders. Future research should be directed to explain the interaction between trace elements, and establish the optimum levels of macro and micronutrients supplementation, as well as determine the reference values for trace elements in the maternal serum, umbilical cord blood and amniotic fluid.
INTRODUCTION
Ensuring an adequate supply of nutrients, which include trace elements, is particularly important in pregnancy and during lactation. Both deficiency and excess of trace elements in the body can interfere with conception and maintaining a healthy pregnancy, as well as have a negative effect on the development of breast-fed infants.
Trace elements are normally found in the body as a component of metalloproteins and perform a variety of structural and enzymatic functions. They provide a structural component in the skeletal system, teeth, skin, and hair. They are an integral part of myoglobin, hemoglobin, hormones such as Thyroxine and components and activators of enzymes. Trace elements influence fluid and electrolyte balance, regulate acid-base balance and neuromuscular excitability.
Minerals such as zinc, manganese, copper and selenium are key components of complex enzyme systems responsible for antioxidant protection of the organism [1] . This feature seems to be particularly important during pregnancy, which is associated with a higher frequency of oxidative reactions. Previous studies have demonstrated a relationship between reduced levels of trace elements essential for antioxidant activity in the body of pregnant women and an increased risk of developing preeclampsia [2] . Premature infants born with a low birth weight are particularly susceptible to the effects of free radicals, and this weaker antioxidant defense system may be responsible for numer-www. journals.viamedica.pl/ginekologia_polska ous disorders often encountered and referred to as 'oxygen radical disease in neonates' [3] . Trace elements are integral parts of many compounds, acting as regulatory enzymes or hormones, and play an important role in the division and differentiation of fetal cells and their further development. It is suggested that micromineral deficiencies in pregnant women correlate with birth defects and growth disorders [4] .
The appropriate concentration of trace elements in the body during pregnancy and the role of trace elements in pregnancy progression and development of the fetus is not yet fully understood. Determining reference values for concentrations of minerals in maternal serum, amniotic fluid and umbilical cord blood seems to be of particular importance. Knowing the concentration ranges of these elements in the mother and the fetus can be a significant contribution to the development of prenatal diagnosis and prevention of disorders of pregnancy.
LITERATURE SEARCH STRATEGY
Citations on the role of selected trace elements during pregnancy were searched in PubMed, Medline, Web of Science, using MeSH terms and keywords (pregnancy, trace elements, iron, zinc, copper, selenium, manganese, fetal development). Reference lists of eligible studies were manually searched.
STUDY SELECTION AND DATA EXTRACTION
Selection was performed by screening of titles and abstracts, and by full text scrutiny. The search was restricted to English language articles. Study selection was based on the following criteria using PICO. Population 1. Pregnant women with high risk of mineral deficiencies. Population 2. Pregnant women who have examined concentration of iron, zinc, copper, selenium and manganese in different test materials. In this review 708 abstracts met the search criteria, 419 of these were excluded based on inclusion and exclusion criteria. This resulted in 289 published full-text articles and abstracts. These articles and abstracts were assessed regarding inclusion and exclusion criteria. At this stage, 259 articles were excluded. Figure 1 presents the process of study selection. Data were synthesized and presented narratively.
RESULTS
Below we present the results of previous research examining the role of iron, zinc, manganese, copper and selenium on pregnancy and fetal development. The total concentration of these minerals does not exceed 0.01% of the human body, and the daily requirement is less than 100 mg/person. These micronutrients have a significant impact on pregnancy and fetal development, despite the low concentrations. Each of them plays an important regulatory role by forming a part of a complex enzyme system. The micronutrients presented below are ordered from the highest to the lowest suggested requirement during pregnancy.
Iron
Iron plays a major role in many metabolic processes [6, 7] . It participates in redox reactions, immune processes and DNA synthesis, as well as being a substrate in the synthesis of heme, the main component of hemoglobin. Iron found in food can be present as either heme iron or nonheme iron. Large quantities of heme iron is present in red meat and offal, and is easily absorbed in this form. Non-heme iron is found primarily in food of plant origin and its bioavailability is low. Pregnant women are at a greater risk of developing iron deficiency. The demand for iron in pregnant women is 27 mg/day [8] .
During pregnancy, the body's iron requirement significantly increases, especially in the third trimester [9, 10] . Preg- nant women are therefore advised to use iron and folic acid supplements to reduce the risk of developing anemia [8] . It has been shown that the concentration of iron in the blood serum of pregnant women is less than in the cord blood [5] . However, there is a comparable concentration of iron in both maternal serum and in the colostrum during the first days after birth [5] . These results suggest that iron is transported to the mammary glands in direct proportion to its concentration in the maternal blood. High concentration of iron in the umbilical cord blood in comparison with maternal serum, may indicate active transport of iron from mother to fetus [11] .
Zinc
Zinc has an important function in the human body participating in RNA, DNA and proteins synthesis, as well as playing a role in the stabilization of cell membranes and the skeletal system [12, 13] . Zinc is a cofactor of approximately 200 enzymes, including metalloproteinases, transferases, phosphatases and oxidoreductases, and thereby contributes significantly to the immune system function and antioxidant status of the organism. Zinc is essential to the proper functioning of certain hormones, for instance insulin. However, an excessive intake of zinc can have the adverse effect of suppressing copper absorption [14] [15] [16] . The daily requirement for zinc during pregnancy ranges from 11-12 mg. Good sources of dietary zinc include whole wheat bread, buckwheat, dry legumes, cheeses and seafood, and meat from where it is best absorbed.
Epidemiological studies have shown that maternal zinc deficiency is common, especially in developing countries. According to several authors, the decrease in maternal zinc serum concentration may be due to the increase in blood volume, decrease in zinc-binding proteins concentration, hormonal changes and an increase in zinc uptake by the placenta and developing fetus [14] . The concentration of maternal zinc correlates with its concentration in the fetus [5] . Studies have shown a positive relationship between maternal serum zinc levels and zinc content in umbilical cord serum [5] .
Manganese
Manganese is responsible for the normal metabolism of carbohydrates, amino acids and cholesterol. This trace element regulates the activity of numerous enzymes, which are involved in metabolic pathways and redox processes in the body [17, 18] . The recommended daily intake of manganese for pregnant women is 2 mg. Dry seeds of legumes, whole grain cereals, buckwheat and nuts are all a good source of manganese.
Copper
During pregnancy, women requires 1 mg of copper daily. Sunflower seeds, dried legumes, liver, nuts, cocoa and oatmeal are all rich in copper, although copper is best absorbed in the presence of animal protein. Copper is a component of superoxide dismutase, catalase and cytochrome oxidase, and as such plays an important role in oxidation reactions. In addition, by contributing to the formation of ceruloplasmin, copper plays an important role in the absorption and metabolism of iron [19] [20] [21] .
Research suggests that the concentration of serum copper of pregnant women is higher than in women who are not pregnant [5] . According to Ozden et al., copper levels in the serum and hair of women 12 months after delivery was significantly lower than 2 months after giving birth. The reverse trend was observed in the infants' serum levels of copper, whereby the serum copper level was significantly higher in 12 month old infants, compared with measurements made 2 and 6 months after birth [19] . A Jariwala et al. study showed that the concentration of copper in cord blood is only 28% of that in maternal serum [5] . The authors suggest that the low levels of copper in fetal blood is due to an increase in estrogen levels during pregnancy [5] .
Selenium
Selenium is a component of selenoproteins, which are crucial for proper function of the immune system, thyroid hormone synthesis and cell free radical protection, among others. Selenium is a cofactor of 5-iodothyronine deiodinase, which determines the proper function of key antioxidant enzymes deiodinase and glutathione peroxidase [22] . Pregnant women require 60 µg/day of selenium. The difference between required and toxic dose of selenium is very small. A daily intake of less than 0.1 mg/kg of body weight leads to a deficiency of this microelement, while the intake of more than 1 mg/kg body weight may cause toxic effects [23, 24] . Protein-rich products are typically high in dietary selenium. These include meat, offal, fish, seafood, milk and dairy products, yeast and bread.
Results of clinical studies indicate that serum selenium concentration decreases during pregnancy [5] . The reason for this may be an increase selenium demand by the developing fetus, as well as an increased blood volume of the mother in the later stages of pregnancy [5] . Jariwala et al. noted a significantly lower selenium concentration in cord blood compared to maternal serum [5] . In addition, selenium level in colostrum was found to be significantly higher than in the maternal serum during the postpartum period [5] . The average selenium concentration in cord serum was found to be 36 ± 10 µg/L, which was about half that of maternal serum selenium concentration (70 ± 15 mg/dL) [5] . However, the Mohammadzadeh et al. study showed a higher selenium level in cord blood compared to that of pregnant women [25] . Selenium levels in the hair of pregnant women was observed to be significantly higher than in maternal serum and in milk in the postpartum period [25] . Table 1 presents results of mineral analysis of maternal serum, cord serum and amniotic fluid. However, there is a lack of information about mineral concentration in amniotic fluid. Amniotic fluid is considered a valuable marker of prenatal mineral status. Amniotic fluid is swallowed by the fetus and it has been suggested that this fluid may by an important source of minerals for fetal nutrition [4] . It was seen that there was a significant difference in the concentration of trace elements in the various compartments. The data provided by the various authors also differ significantly. Differences in the obtained results may be due to the differences between the studied pregnant women's population (parity, trimester, healthy pregnant, pregnant with PROM, pre-eclampsia, mineral supplementation). Table 2 presents trace elements concentrations in maternal serum grouped by trimesters. It was seen that the concentration of zinc decreases during pregnancy while the concentration of copper increases. In the case of iron available analysis provides conflicting results.
DISCUSSION
Most of the currently available data suggests a positive correlation between the concentration of iron in the maternal serum and the birth weight of neonates (Table 2 ) [6, 7] . According to Wang et al., the impact of iron supplementation in pregnancy on the birth weight of the child depends on the concentration of hemoglobin in maternal blood before pregnancy [9] . A significant decrease in fetal iron was observed in pregnant women with anemia [10] .
Bastian et al. observed a relationship between fetal and infant iron deficiency and the occurrence of developmental disorders of the nervous system [26] . Iron deficiency can result in abnormalities in brain development and cogni- 74.4 ± 12.1 [7] 63.5 ± 15.2 [1] 79.3 ± 8.6 [7] 70.1 ± 14.4 [1] 82.2 ± 10.2 [7] Zn 79.5 ± 15 [1] 74.9 ± 9.1 [7] 74.5 ± 16.1 [1] 73.1 ± 10.6 [7] 65.3 ± 14.9 [1] 68.4 ± 9.9 [7] Mn ---Cu 130.9 ± 43.5 [1] 172.0 ± 38.94 [1] 193.2 ± 28.5 [1] Se ---tive impairment later on in life. Tissue iron stores depletion can lead to cellular hypoxia, which could lead to the abnormal proliferation of blood vessels in order to compensate for the oxygen deficiency in the brain. In experimental studies, iron deficiency resulted in increased angiogenesis in the brains of rats, which could have a negative impact on further development of the animal [26] . It has been suggested that low levels of maternal serum zinc may be associated with pregnancy complications and delaying growth and development of the fetus. Rahmanian et al. showed that pregnant women with and without premature rupture of the membranes had significantly lower serum zinc concentration than non-pregnant women [14] . Current data shows an association between low maternal serum zinc and sudden miscarriage, premature birth, occurrence of birth defects as well as intrauterine growth restriction and neurological disorders [12, 15] . Research carried out among pregnant women in developed and developing countries has shown a positive correlation between zinc supplementation during pregnancy and the birth weight of the child. A significant association was shown between zinc supplementation during pregnancy and a decrease in the incidence of premature births [16] .
The study by Sarwar et al. showed a significantly lower serum concentration of microminerals, including manganese, in pregnant women diagnosed with preeclampsia [17] .
An extensive study by Yu et al. attempted to correlate manganese concentrations in maternal blood and umbilical cord blood with neonatal birth weight and birth length, using the ponderal index (PI) [18] . Higher concentrations of manganese were observed in umbilical cord blood than in maternal blood (Table 1) . A concentration of manganese equal to or greater than 5 μg/L in the cord blood was correlated with a higher PI [18] .
Manganese plays an important role in the correct development of the nervous system. When the concentration of manganese exceeds the recommended level, it can act as a powerful neurotoxin, affecting the function of dopaminergic neurotransmission [27] . Prolactin secretion is tonically inhibited by dopamine, and its plasma concentration can be a marker of dopaminergic system functioning. In a study involving 87 pregnant women, Tasker et al. measured manganese levels in maternal and umbilical cord serum as well as prolactin concentrations in cord serum [28] . A significant positive correlation between manganese and prolactin concentrations in cord serum was observed. These results suggest that fetal exposure to high levels of manganese can result in developmental disorders of the nervous system [28] .
Deficiencies of copper during pregnancy can lead to anemia, neutropenia, abnormalities in glucose and cholesterol metabolism, and an increased susceptibility to infection [19] . Copper deficiency was observed mainly among premature infants, infants recovering from diarrhea and those fed with cow's milk [19] . Several clinical studies have looked at the relationship between parity and the serum copper levels in women, and found that copper concentration was significantly lower in multiparous women compared to those who gave birth no more than twice. These studies also suggest that parity affects the maternal serum levels of microminerals, which then has an impact on the body mass index (BMI) of the mother and neonates anthropometrics [20] .
Clinical studies have shown a relationship between the maternal serum copper levels and fetal development. Ugwuja et al. found that copper concentration in maternal serum negatively correlated with the newborns head circumference [20] . A negative correlation between cord blood copper levels and neonates birth weight was observed by Bermudez et al. [21] . It remains unclear whether high copper levels are a cause or a consequence of poor growth of the fetus.
Bakacak et al. showed that the copper to zinc ratio in plasma was associated with higher risk of preeclampsia in pregnancy [2] . Concentrations of both copper and zinc, as well as the copper to zinc ratio in the serum of women diagnosed with preeclampsia were significantly higher than in healthy pregnant women without preeclampsia. The authors also highlighted that the copper to zinc ratio and fetal birth weight had a significant negative correlation in women diagnosed with preeclampsia [2] . Preeclampsia is associated with an increase in lipid peroxidation levels, which may be related to elevated copper levels and increased copper to zinc ratio in maternal serum [29] . Serum triglyceride and total cholesterol levels are major risk factors for the development of metabolic disorders. Wells et al. showed a statistically significant positive correlation between serum copper and triglycerides in cord blood [23] .
It is suggested that the maternal selenium concentration has an influence on neonatal anthropometric measurements. Horan et al. showed that triceps skinfold ratio was negatively associated with first trimester selenium intake [25] . Elevated levels of selenium and high total cholesterol in cord blood were correlated, but not statistically significant [23] . Other studies have shown that daily 100 μg selenium supplementation during pregnancy was associated with higher triglyceride levels in cord serum [24] . On the other hand, there was no statistically significant difference in cord blood selenium levels of women who received daily selenium supplementation and the control group [24] .
Available studies have shown that an increased copper to zinc ratio and decreased selenium serum level may be markers for preeclampsia risk in pregnant women [24, 30] . Wibowo et al. showed that supplementation of minerals with www. journals.viamedica.pl/ginekologia_polska antioxidant function, had a positive effect on the reduction of preeclampsia incidence during the initial stage of pregnancy in women not diagnosed with diabetes type 1 [31] .
CONCLUSIONS
Disorders of mineral status during pregnancy may be associated with impaired fetal growth, preeclampsia and anemia in both mother and child.
Further studies of trace elements concentrations in amniotic fluid, maternal serum and umbilical cord blood during pregnancy are needed to fully understand the role of iron, zinc, manganese, copper and selenium in maintaining maternal health and facilitating proper development of the fetus.
The aim of the further research should also be to determine the optimal level of minerals supplementation and their reference values in maternal serum, umbilical cord blood and amniotic fluid, which would allow for the rapid diagnosis of maternal and fetal disorders of mineral metabolism.
